Objective-Dendritic cells (DCs) have recently been found in atherosclerosis-predisposed regions of arteries and have been proposed to be causal in atherosclerosis. The chemokine receptor CX 3 CR1 is associated with arterial injury and atherosclerosis. We sought to determine whether a link exists between arterial DC accumulation, CX 3 CR1, and atherosclerosis. Methods and Results-Mouse aortas were isolated and subjected to en face immunofluorescence analysis. We found that DCs were located predominantly in the intimal regions of arterial branch points and curvatures. Consistent with the increased accumulation of intimal DCs in aged and ApoE Ϫ/Ϫ aortas compared with young WT aortas (Pϭ0.004 and 0.05, respectively), the incidence of atherosclerosis was 88.9% for aged WT and 100% for ApoE Ϫ/Ϫ mice compared with 0% for young WT mice. CX 3 CR1 was expressed on intimal DCs and DC numbers were decreased in CX 3 CR1-deficient aortas of young, aged, and ApoE Ϫ/Ϫ mice (Pϭ0.0008, 0.013, and 0.0099). The reduced DC accumulation in CX 3 CR1-deficiency was also correlated with decreased atherosclerosis in these animals.
A therosclerosis is an inflammatory disease featured with intense immunologic activities. Macrophages and T cells are immune cells found in atherosclerotic plaques. While macrophages uptake oxidized low-density lipoprotein (oxLDL) through scavenger receptors 1 to perform the first line of host defense, antigen-specific T cells influx in atherosclerotic lesions to elicit an adaptive immune response. 2 Although macrophages are capable of presenting antigens to T cells, dendritic cells (DCs) are the only antigen-presenting cell capable of activating the naïve T cell, thereby playing a crucial role in triggering adaptive immunity.
Recently, DCs have been identified in atherosclerotic plaques in patients with atherosclerosis 3, 4 and in animal models of atherosclerosis. 5, 6 DCs have been suggested to participate in the immune response in advanced atheroma by colocalizing with T cells. 4 Interestingly, DCs have also been detected in the arterial intima of healthy young children 7 and in normal wild-type mice, 8 giving rise to the intriguing possibility that preexisting DCs in the arterial wall contribute to the generation of atherosclerosis.
Monocytes are major precursors of vascular macrophages and DCs, and the chemokine receptor CX 3 CR1 with its ligand CX 3 CL1 (fractalkine) is a key regulator of monocyte adhesion and migration. CX 3 CR1 is expressed on monocytes, 9 whereas CX 3 CL1 is a transmembrane chemokine on activated endothelium. 10 Membrane-tethered CX 3 CL1 mediates the rapid capture and firm adhesion of monocytes under physiological conditions. 11 CX 3 CL1 can also be shed by proteolysis to act as a potent chemoattractant. 12, 13 Both human genetic studies and animal models have implicated an important role for CX 3 CR1 and CX 3 CL1 in atherosclerosis. In humans, a polymorphism of CX 3 CR1 coding for a dysfunctional receptor is associated with reduced prevalence of atherosclerosis and coronary artery disease. 14 When fed with a high-fat diet, mice that lack both CX 3 CR1 and ApoE exhibit a reduction in atherosclerotic lesion formation compared with ApoEdeficient mice. 15, 16 CX 3 CL1-deficient mice also have reduced atherosclerotic burden in the innominate artery. 17 As demonstrated by defective monocyte recruitment to the vessel wall in response to vascular injury in CX 3 CR1-deficient mice, CX 3 CR1 is a critical factor for monocyte trafficking to the vasculature, 18 thereby a strong candidate for mediating the infiltration and accumulation of vascular DCs.
In this study, we investigated DC arterial accumulation and atherosclerosis during aging in WT and CX 3 CR1 Ϫ/Ϫ mice. ApoE Ϫ/Ϫ mice were also used to characterize DCs in atherogenesis and define the mechanism by which CX 3 CR1 may play a role. Our data demonstrate that CX 3 CR1 deficiency impairs the accumulation of vascular DCs and markedly reduces the atherosclerotic burden. DCs in atherosclerosisprone areas were involved in aging and ApoE deficiency.
Materials and Methods
Animal Care and the Generation of CX 3 CR1 Knockin Mice CX 3 CR1 Ϫ/Ϫ mice were backcrossed onto the C57BL/6J background for 12 generations, and age-matched CX 3 CR1 ϩ/ϩ (WT) mice generated from littermates were used as controls. ApoE Ϫ/Ϫ /CX 3 CR1 Ϫ/Ϫ mice were generated by crossing CX 3 CR1 Ϫ/Ϫ mice of twelfth generation onto ApoE Ϫ/Ϫ mice of tenth generation. ApoE Ϫ/Ϫ mice were on the C57BL/6J background and were purchased from Jackson Laboratory Bar Harbor, Maine. CX 3 CR1 knockin (KI) mice were generated by replacing the mouse CX 3 CR1 gene (V28) with a gene encoding human CX 3 CR1 fused at 3Ј end to green fluorescence protein (GFP). Detailed procedures and characterizations (supplemental Figure  I , available online at http://atvb.ahajournals.org) of CX 3 CR1-GFP KI mouse generation are described in supplemental Methods and Figures.
All mice were bred and maintained in a barrier facility and fed Prolab RMH-3000 (PMI Nutrition International), a normal rodent chow diet. All experimental protocols were in compliance with IACUC guidelines and were approved by the IACUC.
Antibodies and Reagents
Biotin-conjugated anti-mouse antibodies targeting CD11c, hamster IgG (BD Biosciences, San Jose, Calif), CD83 (eBioscience, San Diego, Calif) and CD68 (Serotec Inc, Raleigh, NC); anti-mouse CD32/CD16, allophycocyanin (APC)-conjugated anti-mouse B220, Tri-color conjugated anti-mouse CD11b, PE-conjugated anti-mouse DX-5 (BD Biosciences), anti-CX 3 CL1 (R&D Systems, Minneapolis, Minn), anti-mouse IgG (Sigma-Aldrich, St. Louis, Mo) antibodies and secondary antibody; biotin-anti-goat IgG (Vector Laboratories, Burlingame, Calif) were used. Ribonuclease A and Oil Red O were purchased from Sigma-Aldrich, Propidium Iodide, TOTO-3, and a SlowFade Antifade Kit were obtained from Molecular Probes (Invitrogen); Tyramide signal amplification kits (TSA, Fluorescein and Cyanine3) were purchased from PerkinElmer.
Tissue Preparation, Histology, and Morphometry
Anesthetized mice were perfused with ice-cold PBS for 5 minutes, followed by 4% paraformaldehyde in PBS for 10 minutes via cannulation of the left ventricle. Aortic roots and innominate arteries were isolated and embedded in OCT and 10-m frozen sections were used for analysis. The aortic trunk was opened longitudinally and pinned to a wax surface. Atherosclerotic plaques were visualized by Oil Red O staining and measured by computerized morphometry (Image J, NIH) using an Olympus BX-60 microscope and an attached Olympus DP-70 microscope digital camera.
En Face Immunoconfocal Microscopy
Surface microscopy was performed as described previously with modifications. 8 Briefly, fresh isolated aortas were further fixed in 4% paraformaldehyde in PBS for 30 minutes at 4°C, and permeabilizated with 0.2% Triton X-100 and 0.1 mol/L glycine in PBS for 7 minutes at RT. Single or double immunostaining was performed using Tyramide amplification. After quenching endogenous peroxidase activity with 3% H 2 O 2 , tissue segments were incubated with anti-CD32/-CD16 Fc-block (1:100) and 10 g/mL mouse IgG. Primary antibody and isotype control IgG were incubated respectively overnight at 4°C. Samples were then incubated with streptavidin-HRP, followed by fluorescein isothiocyanate (FITC)-conjugated Tyramide. For double staining, Cy3-Tyramide was used. After quenching the remaining HRP activity with 3% H 2 O 2 , samples were then incubated again with streptavidin-HRP, followed by FITCconjugated Tyramide. Nuclei were stained with 2 g/mL propidium iodide or 0.2 mol/L TOTO-3.
Aortas including ascending, arch, and thoracic regions were collected. The ascending aorta and aortic arch before the bifurcation of carotid artery (designated as aorta AA) as one piece was opened in a highly reproducible manner using the method described by Liyama et al. 19 The remaining aortic arch and thoracic aorta (designated as aorta AT) were opened longitudinally from the upper wall away from the spine. Flattened segments of the aorta were mounted on glass slides with mounting media. En face immunofluorescence images were obtained with a Zeiss 510 Meta Inverted Laser Scanning Confocal microscope equipped with Argon, HeNe, and Infra-red lasers.
Immunohistochemistry
Immunohistochemical analysis was used to identify the expression of CX 3 CL1 in frozen sections of aortas following a method described previously. 18
Statistical Analysis
Numerical data presented in text and figure were expressed as meanϮSEM. All sections and images subjected to measurement were analyzed by two investigators, one blinded and one unblinded. Student unpaired t test was used to compare average numbers of cells or percentages between experimental groups. In all cases, PՅ0.05 was considered significant.
For online supplemental Methods and Figures, please see http://atvb.ahajournals.org.
Results

CX 3 CR1 Deficiency Reduced Atherosclerotic Burden in ApoE ؊/؊ Mice With Normal Chow Diet
CX 3 CR1 deficiency has been shown to protect mice on a high-fat diet from generating atherosclerosis. 15, 16 However, a high-fat diet is suggested to switch the immune process of atherogenesis in ApoE Ϫ/Ϫ mice from a Th1 to a Th2dependent response, 20 which may alter the immune profile, thereby affecting vascular immune cell function. Therefore, to simulate atherogenesis analogous to clinical disease in humans, we analyzed CX 3 CR1 impact on atherosclerosis in mice with a normal chow diet.
Atherosclerotic plaques were found on the luminal surface of aortas, aortic roots, and the opening of innominate, carotid, and left subclavian arteries. In CX 3 CR1 Ϫ/Ϫ /ApoE Ϫ/Ϫ mice, the amount of the atherosclerotic plaques in the aortic root (0.08Ϯ0.01, nϭ9) and luminal surface of aorta (0.41%Ϯ0.11%, nϭ10) decreased by 33% and 71%, respectively, compared with ApoE Ϫ/Ϫ mice (0.12Ϯ0.01 for aortic root, nϭ8, Pϭ0.02; 1.39%Ϯ0.02% for aortic surface, nϭ12, Pϭ0.00006; Figure 1A and 1B). Lesions in the innominate arteries of CX 3 CR1 Ϫ/Ϫ /ApoE Ϫ/Ϫ mice were 61% smaller than lesions in ApoE Ϫ/Ϫ mice (0.07Ϯ0.02, nϭ9 versus 0.17Ϯ0.03, nϭ10, Pϭ0.007; Figure 1C ). These results demonstrate that normal chow diet did not change the overall effect of CX 3 CR1 deficiency on reducing atherosclerotic burden in ApoE Ϫ/Ϫ mice.
CX 3 CR1 Is Involved in the Recruitment of DCs to the Aortic Wall
CX 3 CR1-expressing monocytes are major precursors for vascular DCs and macrophages. 8 To study the effect of CX 3 CR1 on DC arterial recruitment, focal accumulation of DCs was characterized by CD11c staining of fresh isolated arteries and analyzed by en face immunoconfocal microscopy. Consistent with previous findings, in wild-type mice with morphologically healthy aortas, the majority of CD11cϩ cells were located immediately beneath the endothelium in the intima. Instead of covering the entire luminal surface, intimal DCs localized preferentially in the inner curvature of the ascending aorta and aortic arch (Figure 2A ). CD11cϩ cells also appeared at the ostia of the innominate, carotid, and left subclavian arteries but were rarely found in the descending aorta and the adventitia. These CD11cϩ cells phenotypically resembled immature DCs as they were negative for CD83, a marker for mature DCs (Figure 2B ). CD68 was expressed by macrophages and most of DCs ( Figure 2C ). However, the number of macrophages was small compared with the number of DCs in the wild-type intima. CX 3 CR1 is expressed on DCs in small intestine, 21 kidney, 22 and skin. 23 Using a CX 3 CR1-GFP KI mouse generated in our laboratory, we found that CX 3 CR1 was coexpressed with CD11c by intimal DCs (Figure 3A and supplemental Figure   II ) with the same morphology and distribution as those CD11cϩ cells in wild-type and ApoE Ϫ/Ϫ arteries. To test whether CX 3 CR1 plays a role in recruiting vascular DCs, we first examined the expression of CX 3 CR1 ligand CX 3 CL1 in the aorta. CX 3 CL1 mRNA was expressed low in young wild-type aortas (20 weeks) and upregulated in aged (Ϸ60 weeks) and ApoE Ϫ/Ϫ aortas (20 weeks) (supplemental Figure  III) . Immunohistochemical staining of CX 3 CL1 revealed that CX 3 CL1 was expressed by endothelial cells lining the luminal surface and atherosclerotic plaques ( Figure 3B ). Then we compared the abundance of intimal CD11cϩ cells in young (20 weeks) and aged (Ϸ60 weeks) CX 3 CR1 Ϫ/Ϫ mice with their age-matched wild-type controls. The number of intimal CD11cϩ cells in CX 3 CR1 Ϫ/Ϫ mice was decreased by approximately 40% for young mice (541.1Ϯ93.6 versus 904Ϯ79.5 for WT, Pϭ0.0008) and 41% for aged mice (1295.31Ϯ99.22 versus 2196.2Ϯ253.98 for WT, Pϭ0.013; Figure 4 ). Finally, we assessed the number of intimal CD11cϩ cells in ApoE Ϫ/Ϫ / CX3CR1 Ϫ/Ϫ mice at 10 weeks of age. Again, significantly fewer CD11cϩ cells were detected in ApoE Ϫ/Ϫ /CX3CR1 Ϫ/Ϫ aortas than that in ApoE Ϫ/Ϫ aortas (1321Ϯ202.73 versus 544.42Ϯ69.73 for ApoE Ϫ/Ϫ /CX3CR1 Ϫ/Ϫ Pϭ0.0099) ( Figure  4 and supplemental Figure IV) .
Taken together, these data suggest that DCs are recruited to the intima of atherosclerosis-predisposed areas in normal and 
Aging Increases the Accumulation of Intimal DCs and the Incidence of Atherosclerosis
Aged individuals are more susceptible to atherosclerosis, and this is largely attributed to chronic arterial inflammation. To study the biological consequences resulting from vascular DC accumulation, we analyzed DCs in aged mice. Because DCs are found in the intima of young healthy aortas and their location is restricted to atherosclerosis-predisposed areas, we investigated the accumulation and distribution of DCs in normal aortas during the process of aging. In contrast to the healthy 20-week-old aorta, CD11cϩ cells in the aorta from mice over 60 weeks old expanded to a larger area and invaded into the thoracic aorta. CD11cϩ cells were also found in aged adventitia. Quantitatively, the number of CD11cϩ cells in the intima increased gradually and substantially in a time course of aging ( Figure 5 ). Wild-type aged mice at 60 weeks old recruited 58% more CD11cϩ cells to their aortas than younger mice at 20 weeks old (2196.2Ϯ154 versus 904Ϯ79.5, Pϭ0.004; Figure 4) .
Although wild-type mice are exceptionally resistant to the induction of atherosclerosis, we speculated that the increased accumulation of intimal DCs in aged aortas might influence atherogenesis in aged mice. Therefore, we examined the incidence of atherosclerosis in mice over 60 weeks old. Oil Red O staining showed that 7 of 8 (88.9%) aged mice developed atherosclerotic lesions in the aortic root in loca-tions where DCs were found to be most abundant (supplemental Figure V) .
Together, these data suggest that the recruitment and retention of intimal DCs correlates with the development of atherosclerosis in aged mice.
Intimal DCs Are Involved in Atherosclerotic Formation
The relative frequency of vascular DCs has been shown to increase in atherosclerotic lesions compared with surrounding areas. 3 To further address the involvement of vascular DCs in the development of atherosclerosis, we analyzed their intimal presence in localization, morphology, and quantity in the aortas of atherosclerotic ApoE Ϫ/Ϫ mice. In addition to their appearance in the adventitia, in which very few DCs resided in young healthy arteries, CD11cϩ cells in ApoE Ϫ/Ϫ arteries were located in the intimal areas of arterial branch points and curvatures of atherosclerosis-prone areas in a pattern similar to normal aortas. However, the morphology of these DCs was dramatically different from normal vascular DCs. They were enlarged and often fused together in ApoE Ϫ/Ϫ aortas especially in and around atherosclerotic plaques ( Figure 6A and supplemental Figure VI) . The number of CD11cϩ cells in ApoE Ϫ/Ϫ aortic intima increased significantly compared with control wild-type aortas at 20 weeks of age (2697.5Ϯ214.3 versus 904Ϯ79.5, Pϭ0.05; Figure 6B ). These data suggest that intimal DCs are involved in the pathogenesis of atherosclerosis.
Discussion
Atherosclerosis is a chronic inflammatory disease mediated by immune dysfunctions. The recent findings of DCs in atherosclerotic plaques as well as in normal arteries arouse enormous interest in their roles in atherogenesis.
Immune cell recruitment plays a critical role in the development of atherosclerosis. 24 Little is known about the mechanisms that regulate the homing of DCs to the vessel wall. Recent evidence shows that the accumulation of intimal DCs and macrophages is a result of continued recruitment of bone marrow-derived blood monocytes. 8 All subsets of monocytes express CX 3 CR1 25 and like CCR2, one of the major functions of CX 3 CR1 is to mediate monocyte adhesion and migration. 11 We have previously shown that CX 3 CR1 deficiency leads to a decrease in monocyte infiltration into injured arteries in the model of intimal hyperplasia. 18 Therefore, we hypothesized that CX 3 CR1 is involved in vascular DC recruitment. Indeed, intimal DCs strongly expressed CX 3 CR1 in wild-type healthy vessels, and the accumulation of intimal DCs was significantly reduced in the absence of CX 3 CR1. In ApoE Ϫ/Ϫ arteries, we observed robust expression of CX 3 CR1 on DCs, and the CX 3 CR1 ligand CX 3 CL1 was greatly upregulated in endothelial cells that cover both plaque-predisposed arterial surface and plaque itself. CX 3 CR1 deficiency in ApoE Ϫ/Ϫ mice significantly reduced DC accumulation in the intima of aortas, and the DC reduction in the intima is correlated with the decreased atherosclerotic lesions in these animals. These results suggest that CX 3 CR1 is likely a candidate for recruiting vascular DCs under both static and inflammatory conditions. Although CCR7 and CCR8 are chemokine receptors believed to mediate DC efflux to lymph node, 23 it is possible that CX 3 CR1 contributes to DC trafficking to peripheral lymphoid tissue in addition to monocyte recruitment. Because CX 3 CR1 is also expressed by natural killer cells (NK cells) 9 and depletion of NK cell function was found to decrease atherosclerosis in low-density lipoprotein receptor null mice fed with high-fat diet, 26 another possibility would be that the CX 3 CR1 deficiency impairs the recruitment of NK cells to the arteries.
By using en face immunoconfocal microscopy in this study, we clearly imaged the location, distribution, morphology, and dynamic alteration of DCs in healthy and diseased arteries. A surprising observation is that DCs outnumbered macrophages in the intima of young healthy aortas. The role of macrophages in the pathogenesis of atherosclerosis has been emphasized because they uptake lipid droplets to become foam cells that composite both initial fatty streaks and advanced atheromas. The early appearance of DCs in atherosclerotic-prone regions of healthy arteries may suggest that DCs regulate a balance between host defense and inflammation in the arterial wall.
Clustering of DCs is considered an indicator of autoimmune processes. 27 Vascular DCs are thought to initiate and maintain T cell responses in autoimmune disease giant cell arteritis. 28 In our study, DCs were not only clustered in the atherosclerotic-prone intima and in atherosclerotic plaques, they also accumulated in the adventitia in aging and ApoE Ϫ/Ϫ arteries. In echoing DC clusters, T cells were shown residing in the adventitia in normal arteries with DCs and macrophages and their numbers doubled in ApoE Ϫ/Ϫ arteries. 29 The same study also demonstrated that antigen-activated DCs induced T lymphocyte proliferation within the aorta 72 hours after adoptive transfer. Substantial evidence has indicated that autoantigens, such as oxidized low-density lipoprotein (oxLDL), 30 oxidized phosphatidylcholine, 31 heat shock protein, 32 and beta2 glycoprotein 1, 33 play an important role in atherosclerosis. Our data support the hypothesis that vascular DC activation by autoantigens are critical for initiating immune responses in the arterial wall that lead to atherosclerotic alteration.
According to Wick et al, 34 the arterial wall is a vascularassociated lymphoid tissue (VALT) analogous to the mucosaassociated lymphoid tissue to protect arteries from potentially danger signals. Indeed, we found DCs were present in the VALT of normal arteries in areas that are prone to atherosclerotic plaques, and their abundance changed correspondingly in the process of atherogenesis. In a time course of aging, the number of intimal DCs increased significantly in aged mice, and at the same time, approximately 89% of the 60-week-old mice developed atherosclerotic lesions, suggesting that the increased accumulation of vascular DCs may be one of the factors involving in plaque generation. This finding is supported by our data as well as other studies that ApoE Ϫ/Ϫ arteries harbor more DCs. 35 Interestingly, in ApoE Ϫ/Ϫ vessels, DCs not only significantly enlarged but also fused. Considering the substantially larger plaques in ApoE Ϫ/Ϫ than in aged arteries, the morphological changes of vascular DCs in ApoE Ϫ/Ϫ mice may indicate further DC activation, thereby leading to more severe lesions.
In summary, DCs in the intima of arteries were not static but dynamic. While the abundance of DCs in normal arteries increased in the process of aging, they varied in morphology and quantity in ApoE Ϫ/Ϫ arteries and atherosclerotic plaques. CX 3 CR1-deficiency impaired the recruitment of DCs to the arterial wall. These findings not only substantiate our understanding of the vascular mechanisms in response to atherogenic dangers, but they may also provide biological basis for immunologic intervention toward prevention and control of atherosclerosis.
